Nitrogen adsorption studies have been employed to examine the structural properties of micro-/meso-porous carbons obtained by colloidal templating and post-synthesis KOH activation. These carbons were prepared by polymerizing phenol and formaldehyde in the pores of a colloidal silica template followed by carbonization, silica dissolution and post-synthesis KOH activation. Colloidal silica was used to create spherical mesopores, while KOH activation was performed to create additional microporosity and to enlarge the surface area of the resulting carbons. Nitrogen adsorption studies showed that a single impregnation of the colloidal silica template with phenolic resin precursors afforded carbons with relatively thin pore walls which did not withstand the post-synthesis KOH activation; however, a double impregnation generated mesoporous carbons with thicker pore walls. Activation of these latter carbons with KOH created micropores in the mesopore walls without significant deterioration of the mesopore structure. The resulting mesoporous carbons possessed high specific surface areas (ca. 800 m 2 /g) and large single-point pore volumes (ca. 1.8 cm 3 /g). The post-synthesis KOH activation enlarged the surface area up to 1500 m 2 /g, which was achieved via the creation of microporosity. Hence, the carbon obtained by double impregnation and activation exhibited a single-point pore volume of ca. 2 cm 3 /g with a relatively high microporosity which attained 17% of the total porosity. High-surface-area micro-/meso-porous carbons are attractive for adsorption, catalysis and energy-related applications such as capacitors and batteries. † Published in the Festschrift of the journal dedicated to Professor Giorgio Zgrablich on the occasion of his 70th birthday and to celebrate his 50 years as a faculty member at
INTRODUCTION
Porous carbons prepared by using hard templates such as commercial silica sol and monodisperse silica spheres possess controllable porosity, high surface areas and large pore volumes. These carbons have been applied in many areas including catalysis, separations, adsorption, environmental and energy-related applications (Foley 1995; Kyotani 2000; Wahby et al. 2010; Tao et al. 2011) . In particular, there is great interest in the development of ordered nanoporous carbons obtained by using zeolites as hard templates (Enzel and Bein 1992; Kyotani et al. 1997; Johnson et al. 1997) or ordered mesoporous silica (OMS) templates (Ryoo et al. 1999; Yoon et al. 2001) . Ryoo et al. (1999) first reported the synthesis of ordered mesoporous carbon (OMC) using sucrose as the carbon precursor in the presence of sulphuric acid catalyst and employing an MCM-48-type OMS as a hard template. Subsequently, SBA-15 type OMS was used to obtain a high-quality OMC . However, the size of the pores in the OMStemplated OMCs is limited by the thickness of the pore walls in OMS; thus, it is difficult to obtain OMCs with pores larger than ca. 5 nm using OMS hard templates. reported the first synthesis of carbons with uniform spherical pores by using 30-100 nm monodisperse silica spheres (colloidal silica) as a hard template and sugars (sucrose or glucose) as carbon precursors in the presence of sulphuric acid as a catalyst. The pore-size distribution (PSD) of these carbons is centred at a size smaller than the colloidal silica used due to shrinkage of the carbon obtained by carbonization of the colloidal silica/sugar composite. For instance, the PSD curve for the carbon obtained using 50 nm silica colloids as the template was located at ca. 40 nm as a result of such shrinkage. The BET (Brunauer-Emmett-Teller) surface area of the aforementioned mesoporous carbon, calculated from low-temperature nitrogen adsorption data, was found to be 620 m 2 /g, and its cumulative pore volume was 1.55 cm 3 /g . This colloidal templating synthesis strategy was extensively studied by Han and Hyeon (1999a,b) , who reported carbon materials with pores of 10-80 nm diameter using commercial silica sol as a hard template. The BET surface area and the cumulative pore volume of one sample of the carbons reported by Han and Hyeon (1999b) were found to be 1512 m 2 /g and 3.6 cm 3 /g, respectively. This carbon had a narrow pore-size distribution with an average pore size of 12 nm. Overall, the resulting carbons were of uniform shape containing disordered spherical mesopores. Carbons with ordered pores are obtained when colloidal silica crystal is used as a hard template (Kang et al. 2002) .
Li and Jaroniec (2001) proposed a new strategy for the synthesis of pitch-based carbons with uniform spherical mesopores by using so-called colloidal imprinting. This strategy involves the creation of mesopores in carbon precursor particles using colloidal silica particles as an imprinting medium. In contrast to colloidal templating, which involves fluid-type carbon precursors, colloidimprinted carbons (CIC) are synthesized by incorporating colloidal silica particles into larger viscous carbon precursor particles such as mesophase pitch in order to create spherical mesopores after silica dissolution. The BET surface area of one sample of the CIC carbons was found to be 420 m 2 /g and the corresponding total pore volume was 1.61 cm 3 /g. The pore-size distribution of this carbon was narrow with an average pore size of ca. 24 nm (Li and Jaroniec 2001). The formation of uniform spherical mesopores requires the entire surface of the silica colloids to be fully covered with carbon precursors. This requirement can be fulfilled by controlling the interpenetration of the mesophase pitch and the silica colloids, which can be achieved via suitable heating, stabilization and carbonization (Li and Jaroniec 2001 , 2003 , 2004 . Complete filling of the pores in a colloidal silica crystal template affords carbons with ordered spherical mesopores, but their pore volume cannot exceed 1.36 cm 3 /g (Gierszal and Jaroniec 2007). However, the formation of a thin carbon film on the surface of silica colloids, which can be achieved by surfacecatalyzed polymerization of resorcinol and crotonaldehyde, afforded carbons with extremely large pore volumes reaching 9 cm 3 /g (Gierszal and Jaroniec 2006, 2007) .
Colloidal silica templating was successfully used to obtain carbon monoliths with spherical pores (Jaroniec et al. 2008) . Additional activation of these carbon monoliths with KOH introduced substantial microporosity. The BET surface area of the resulting mesoporous carbon monolith was 1040 m 2 /g and the micropore volume obtained via α S -plot analysis was 0.14 cm 3 /g. Post-synthesis KOH activation of this mesoporous carbon increased its BET surface area from 1040 to 2340 m 2 /g (more than twice) and enlarged its micropore volume from 0.14 cm 3 /g to 0.77 cm 3 /g (more than five times); however, its mesoporous structure was highly deteriorated during such KOH activation. This deterioration is clearly shown by the decrease in the total pore volume of the sample from 3.25 cm 3 /g to 2.58 cm 3 /g and by broadening of the mesopore size distribution.
The aim of the present work was to modify the aforementioned colloidal templating strategy in order to obtain mesoporous carbons whose structure could withstand the post-synthesis KOH activation process. For such purpose, the preparation of micro-/meso-porous carbons by colloidal templating followed by KOH activation has been examined. Such treatment should limit micropore creation to the pores in the mesopore walls alone and not affect the mesopore distribution. Scheme 1 illustrates the preparation of micro-/meso-porous carbons using colloidal silica monoliths as hard templates, which are filled by polymerizing phenol-formaldehyde carbon precursors. The resulting composite is carbonized, subjected to HF treatment in order to dissolve the silica template, and activated with KOH in order to create additional microporosity and to enlarge the specific surface area of the carbon. Double impregnation and polymerization of the carbon precursors assured a complete filling of the template pores, thereby producing carbon meso-structures with thick pore walls which were resistant to the post-synthesis KOH activation. The latter process was used to introduce microporosity into the mesopore walls and, consequently, enlarge the specific surface area of the resulting carbon. Nitrogen adsorption studies of the final micro-/meso-porous carbon and intermediate carbon products showed that this aim had been achieved.
EXPERIMENTAL

Chemicals
Mesoporous carbons were synthesized using an aqueous suspension of silica colloids containing 40 wt% silica and having an average colloidal particle size of 24 nm (Ludox AS-40, Sigma-Aldrich, Germany). Phenol and paraformaldehyde were purchased from POCH, Poland, NaOH was acquired from Stanlab, Poland, while 25 wt% ammonium hydroxide, 15 wt% hydrofluoric acid, butanol and hexane were obtained from Chempure, Poland. 
Synthesis of mesoporous carbons
Mesoporous carbons were prepared using colloidal silica as a hard template. A commercially available aqueous suspension of silica colloids (Ludox AS40 containing 40 wt% silica) was dried and used in the powdered form to fill cylindrical steel vessels (1.3 cm diameter, 1.5 cm height). The siliceous powder in these vessels was compressed under 3 MPa pressure. Next, the resulting mesoporous silica monoliths were sintered by heating them at a heating rate of 1 ЊC/min up to 700 ЊC and then maintaining them at this final temperature for 0.5 h. The mesoporous carbon monolith (C-1-PP) was prepared by using the colloidal silica template in the monolithic form. The synthesis was carried out in a 250 cm 3 three-necked round-bottomed flask equipped with a dephlegmator, a mechanical stirrer and a dropper; the latter was used to introduce 30 cm 3 of an aqueous solution containing 27 g of phenol and 25 cm 3 of an aqueous solution containing 19 g of paraformaldehyde. After commencing mechanical stirring, 2 g of NaOH dissolved in 2 cm 3 of water was added slowly (2-3 min) into the aqueous solution of phenol and paraformaldehyde. Following such addition, the polymerization of phenol and paraformaldehyde was carried out by heating the resulting solution at 65 ЊC for 1 h. After this time, the mixture was cooled down to 30-40 ЊC and 2 g of NaOH dissolved in 2 cm 3 of water and 2 cm 3 of 25% ammonia solution were added. Finally, the silica monolith was immersed in the resulting mixture for 30 min and dried at 100 ЊC for 1 h. The phenolic resin/silica composite was carbonized by heating in nitrogen at 850 ЊC for 2 h, the carbonization temperature being attained using a heating rate of 2 ЊC/min. The silica template was dissolved by treatment with a 15% solution of HF for 12 h. The resulting carbon monolithic sample (C-1-PP) was rinsed with butanol and hexane (Chempur, Poland) and dried in an oven at 80 ЊC for 12 h.
In general, the recipe for the synthesis of C-2-PP was similar to that presented above for C-1-PP, the only difference being an additional (second) impregnation of the carbon/silica composite with carbon precursors (see Scheme 1). The carbon/silica composite was cooled down to room temperature and then re-immersed in a solution of phenol and paraformaldehyde for 60 min, followed by drying at 100 ЊC for 1 h. The resulting sample was again carbonized by heating in nitrogen at 850 ЊC for 2 h, this process being undertaken in the same manner as the first carbonization. The remaining steps of the synthesis procedure were the same as for C-1-PP.
Activation of the mesoporous carbon monoliths with KOH
The C-1-PP and C-2-PP mesoporous carbon monoliths (each sample of ca. 0.25 g) were impregnated with KOH solution (5 g KOH in 2 cm 3 of water) for 4 h at 80 ЊC, followed by drying for 10 h at 105 ЊC. The KOH/carbon weight ratio in the dry product was ca. 0.6. Activation of the KOH-impregnated C-1-PP and C-2-PP monoliths was carried out in a tube furnace under flowing nitrogen by heating both samples at a rate of 10 ЊC/min up to 700 ЊC and then maintaining the samples at this temperature for 45 min. After cooling the resulting micro-/meso-porous monoliths in flowing nitrogen, they were washed successively with 0.1 M HCl solution and de-ionized water to ensure the complete removal of KOH. Finally, the activated C-1-PP and C-2-PP carbons were dried for 12 h at 105 ЊC. The resulting micro-/meso-porous carbons are denoted as C-1-PP-KOH and C-2-PP-KOH, respectively, below.
Measurements and calculations
Nitrogen adsorption isotherms were measured at -196 ЊC using an ASAP 2010 volumetric analyzer (Micromeritics Inc., Norcross, GA, U.S.A.). Prior to each adsorption measurement, all samples were outgassed for 2 h at 200 ЊC.
The adsorption parameters of the carbon samples were determined on the basis of experimental nitrogen adsorption isotherms (Kruk et al. 1998 ). Thus, the BET specific surface area, S BET , was calculated over the relative pressure range 0.05-0.2 (Gregg and Sing 1982) , assuming a crosssectional area for the nitrogen molecule of 0.162 nm 2 . The total pore volume, V t , was estimated from the amount of nitrogen adsorbed at a relative pressure p/p 0 of 0.99 (Gregg and Sing 1982) . Similarly, the porous structures of the carbonaceous materials were analyzed using the α S -plot method (Gregg and Sing 1982; Jaroniec et al. 1989; Jaroniec and Kaneko 1997) , where α S denotes the standard reduced adsorption on the reference solid defined as the ratio of the amount adsorbed at a given relative pressure to the amount adsorbed at the relative pressure p/p 0 ϭ 0.4. The α Splots for the carbons studied were obtained using the nitrogen adsorption isotherm for the non-graphitized carbon black Cabot BP280 as reported by as the reference data. These plots were used to obtain the total volume of micropores and mesopores, V mi ϩ V me , over the range 3 Ͻ α S Ͻ 8. The volume of micropores was estimated over the range 0.8 Ͻ α S Ͻ 1.2. The difference between two last volumes, (V mi ϩ V me ) -V mi , was used to determine the mesopore volume, V me .
The pore-size distributions (PSDs) of the carbonaceous materials were obtained from the adsorption branches of the corresponding nitrogen adsorption/desorption isotherms using the Barrett-Joyner-Halenda (BJH) procedure (Barrett et al. 1951 ) developed for cylindrical mesopores. In contrast to the original work by Barrett et al., the statistical film thickness for nitrogen on the Cabot BP280 carbon black was employed in the present study. This was obtained by fitting the nitrogen adsorption isotherm on this carbon in the multilayer range to the statistical film thickness established on the basis of the adsorption data for MCM-41 silicas . In addition, an improved Kelvin relationship was employed ). This modified BJH method, known as the Kruk-Jaroniec-Sayari (KJS) method , was also used to obtain the PSDs. The maxima on the PSD curves were used to estimate the sizes of the micropores, w mi , and the mesopores, w me , respectively.
RESULTS AND DISCUSSION
As mentioned above, an illustration of the strategy used for the preparation of phenolic resin-based micro-/meso-porous carbons is shown in Scheme 1. As can be seen from this scheme, the pores of the monolithic siliceous template were filled with polymerizing carbon precursors. Carbonization of the polymer/silica composite in nitrogen for 2 h at 850 ЊC resulted in a carbon/silica composite, which when subjected to 15% HF solution yielded a carbon with uniform spherical mesopores. The KOH post-synthesis activation of this mesoporous carbon afforded a micro-/meso-porous carbon whose mesopore characteristics were virtually identical with those of the initial carbon. Figure 1 overleaf shows the nitrogen adsorption/desorption isotherms for a number of the carbons studied, viz. the C-1-PP, C-2-PP, C-1-PP-KOH and C-2-PP-KOH carbons. As can be seen from this figure, the nitrogen adsorption isotherms for the C-1-PP and C-2-PP samples were very similar, being of Type IV in the BDDT classification with distinct H1 hysteresis loops (Sing et al. 1985) . The isotherms showed a sharp capillary condensation step at a relative pressure value of ca. 0.96, indicating the presence of uniform mesopores. Indeed, these carbons were mainly mesoporous with uniform pore openings. However, the KOH post-synthesis activation of the C-1-PP and C-2-PP carbons produced carbons of distinctly different porous structures. Both resulting carbons showed similar microporosity, which was much higher than that of the carbon samples before KOH activation (see Table 1 ). More importantly, these isotherms were distinctly different in the range of capillary condensation. The hysteresis loop for the C-2-PP-KOH carbon was quite similar to that of C-2-PP; some tailing of the desorption branch was observed after activation, while the capillary condensation steps were steep and located at similar relative pressures, indicating that the mesoporous structure of the C-2-PP carbon obtained by double impregnation did not change significantly during post-synthesis KOH activation. In contrast, the mesoporous structure of the C-1-PP carbon subjected to an identical KOH activation was drastically altered, as reflected by the broad capillary condensation step, pronounced tailing of the desorption branch and the lower total pore volume (see Figure 1 and Table 1 ). This result indicates that a single impregnation of the monolithic siliceous template was insufficient to allow the formation on the surface of the colloidal silica template of a thicker carbon layer which could withstand KOH activation at high temperature. The use of an additional impregnation of the siliceous template with carbon precursors increased the resistance of the mesoporous carbon structure towards KOH activation and, simultaneously, allowed the creation of micropores in the carbonaceous mesopore walls.
Note that the maximum adsorption recorded for C-2-PP-KOH exceeded 600 cm 3 (STP)/g, while the corresponding value for the C-1-PP-KOH carbons was twice as small, i.e. ca. 300 cm 3 Notation: S BET , BET specific surface area; V t , single-point pore volume; V mi , volume of micropores obtained by the α Smethod; V me , volume of mesopores obtained by the α S -method; w mi , micropore diameter at the maximum of the PSD curve obtained by the KJS method; w me , mesopore diameter at the maximum of the PSD curve obtained by the KJS method. (STP)/g. This comparison clearly indicates that the volume of mesopores in the latter case was drastically reduced, because both samples showed similar microporosity after KOH activation. This reduction was probably due to some destruction of the mesopore walls, leading to a partial collapse of the mesoporous structure. The nitrogen adsorption isotherms shown in Figure 1 were analyzed in order to obtain the BET specific surface area, the single-point pore volume, the volumes of the micropores and mesopores, and the micropore and mesopore pore widths. All these parameters are listed in Table 1 . As can be seen from this table, the post-synthesis KOH activation of colloid-templated mesoporous carbons led to an almost doubling of both the BET specific surface area and the micropore volume. However, the mesopore width and volume did not change much during activation of the carbon obtained by double impregnation of the monolithic template with carbon precursors. This was not the case for the C-1-PP carbon obtained by single impregnation. The latter carbon was less resistant to KOH activation, with chemical reaction between the carbon matrix and KOH occurring at high temperature (Wang et al. 2009 ):
(1) This chemical process caused the formation of micropores in the mesopore walls by partial etching of the carbon matrix. If this process is carried out under controlled conditions (temperature, time and KOH/carbon ratio), it results in the development of micropores in the carbon matrix without significant deterioration of the mesoporous structure. The data listed in Table 1 indicate that, in the case of both carbon samples, the post-synthesis KOH activation generated noticeable microporosity, leading to the formation of micro-/meso-porous carbons with almost twice as large a surface area.
The development of microporosity upon KOH activation was assessed via an analysis of the α Splots which are presented in Figure 2 . These plots were used to evaluate the volume of micropores (using the intercept of the linear segment in the range 0.8 Ͻ α S Ͻ 1.2) and the sum of the micropore and mesopore volumes (using the intercept of the linear segment in the range 3 Ͻ α S Ͻ 8). Details of this analysis are provided in the experimental section and can be found elsewhere (Gregg and Sing 1982; Jaroniec and Kaneko 1997) . The resulting values of the micropore and mesopore volumes are listed in Table 1 . The α S -plot analysis shows that the microporosity of the carbons before KOH activation was relatively low (between 7-10%); however, KOH activation increased this microporosity up to 17-29%. The relatively large difference between the percentage microporosity of both carbons was caused by the partial deterioration of the mesoporous structure of the C-1-PP carbon obtained by single impregnation. This reduced the total pore volume of this carbon after KOH activation and, consequently, led to the reduction mentioned (17% versus 29%). Figure 3 shows the pore-size distributions for the carbons studied obtained by the BJH method (Barrett et al. 1951) as improved by . These distributions exhibit two distinct peaks, the first one located in the micropore range (centred at ca. 1.5 nm) and the second one located in the mesopore range (centred at ca. 24.5 nm). The latter peak reflects the particle size of the colloidal silica used for the preparation of the monolithic template. Similarly, the former reflects the presence of small amounts of micropores in the carbons before KOH activation and an increased amount of such pores after KOH activation; the latter is clearly visible in the PSD curves. Note that the post-synthesis KOH activation increased the dispersion of the mesopore peak and reduced its height. However, this effect was much less pronounced for the C-2-PP-KOH carbon obtained by double impregnation.
CONCLUSIONS
Nitrogen adsorption analysis was used to examine the structural changes in the phenolic resinbased mesoporous carbons obtained by colloidal templating subjected to post-synthesis KOH activation. It has been shown that such an activation procedure leads to a substantial enlargement of both the specific surface area and microporosity in phenolic resin-based mesoporous carbons, whilst simultaneously causing deterioration in the mesoporous structure. This deterioration can be significantly reduced by using double impregnation of the monolithic siliceous template with the carbon precursor, which reinforces the mesoporous structure by making it more resistant to KOH activation. The almost double enlargement of the surface area and microporosity of the phenolic resin-based mesoporous carbons achieved by KOH activation makes them much more attractive materials for adsorption, catalysis, environmental and energy-related applications. The resulting micro-/meso-porous carbons are expected to perform well as adsorbents for small and large organic molecules, catalyst supports and materials for the design of capacitors, electrodes, etc.
